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ABSTRACT 

The r e l a t i o n  between microstructure and mechanical propert ies of  cast  

356 type aluminum a l l oys  was studied t o  determine the  cause o f  the  

var ia t ions  i n  propert ies resu l t i ng  from differences in s o l i d i f i c a t i o n  

rate.  It was found t h a t  var ia t ions i n  strength are a consequence of 

var fa t ims  i n  ductility end fh& d u c t i ! i t y  Is inversely proport ional  

t o  the dendr i te c e l l  s i t e .  

co r re la t i on  based on the f racture s t r a i n  o f  the  i n te rdendr i t i c  s i l i c o n  

par t ic les,  and the d i f f e r e n t i a l  s t r a i n  across dendr i te c e l l  boundaries. 

A mechanism is proposed t o  account for t h i s  



1. IMTRaoucTIocJ 

An empiricism o f  long standing i s  t h a t  permanentnoid castings o f  

aluminum have be t te r  propert ies than sand castings. 

usual ly  given are f i n e r  grain s t ruc tu re  and reduction i n  poros i ty  

(Reference I). In studies of fa t igue strength var ia t ions  wi th  s o l i d i f i c a -  

t ion  r a t e  of A356-T6, Bai ley (References 2 and 3) found a systematic 

va r ia t i on  of s t a t i c  propert ies as well. 

observation t h a t  f o r  a given composition and heat treatment, the 

d u c t i l i t y  as wel l  as the u l t imate strength increased wi th  increased 

s o l i d i f i c a t i o n  rate.  Since the composition and microstructure o f  t h i s  

a l l o y  system are s imi la r  t o  those found i n  aluminum welds, a study was 

i n i t i a t e d  t o  determine the de ta i l s  o f  how higher cool ing rates improve the  

mechanical proper t ies of AI-Si a l loys.  

presented here. 

The reasons 

O f  pa r t i cu la r  i n te res t  i s  i n e  

The resu l t s  of t h i s  study are 

2. EXPERIMNTAL ROCEMRE 

Whi l e  much of t he  previously obtained data were avai lable, t he  specinens 

were not. 

mission e lect ron micrographs, a ser ies o f  specimens was prepared using 

356-T6 rather  than the A356-Td a I loy used i n  the  ear I i er stud i es. 

allowed a comparison o f  behaviors o f  a l l oys  wi th  subs tan t ia l l y  d i f f e ren t  

strengths but wi th  only small d i f ferences i n  a l l o y  composition. The 

composition and heat treatment o f  both a l l oys  are given i n  Table I. The 

specimens were cu t  from a cast MIT chi 1 1  p la te  (Reference 4) i n  the  same 

manner as previous studies. 

shorn in  Figure 1. Since one end i s  heavi ly  ch i l led ,  and the other end 

has a large r i se r ,  s o l i d i f i c a t i o n  i s  essent ia l l y  un id i rec t iona l  from the 

c h i l l  end t o  the  r i s e r .  

Because electron fractographs were desired as well  as trans- 

Th i s 

A photograph o f  the  o r i g i n a l  cast ing i s  

Cooling through the  s o l i d i f i c a t i o n  range takes 
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TABLE I - COMPOSITIONS AND HEAT TREATMENTS 

C O ~ O O S  i ti on 

Element 

S i  
Mg 
Be 
Fe 
T i  
cu 
Zn 
Mn 
C r  
A I  

Heat Treatment 

Solut ion H.T. 
Temp. 
Time 
Quench 

Agi ng 
Temp. 
Time 

6.9 
0.47 
0.05 
0.13 
0.20 
N i  I 
Ni  I 
Ni  I 
N i  I 
Ba I 

Az&u 
Series I Series 2 

10IO°F (543OC) 
IO hr. 

I4O0F (60%) Water 

320°F ( 160%) 
7.25 hr. 7.25 hr. 

35OoF ( 177OC) 

- 356 

6.7 

N i  I 
0. I I 
0.06 
0.02 
N i  I 
Ni  I 
N i  I 
Ba I 

0.28 

IOIOOF (543OC) 
I O  hr. 

809 (26OC) water 

32OoF ( I 6OoC 1 
3 h r .  

I 
I 
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a few seconds a t  the c h i l l  end but may take 

(Reference 2). By c u t t i n g  slabs from the p 

f i v e  minutes 

ate, para1 l e  

near the  r i s e r  

t o  the  ch i  I I ,  

a group of specimens i s  obfained which represents d i f f e r e n t  coo l ing  rates, 

but  have essent ia l l y  the  same composition. 

and 0.250-in th i ck  slabs were c u t  and machined t o  the  conf igurat ion 

shown i n  Figure 2. 

Ib/min while the th inner specimens were tested i n  an lnst ron machine a t  a 

constant cross-head speed o f  0.02 in/min. 

intended for transmission e lect ron microscopy. Therefore, some o f  them 

were tested t o  f a i l u r e  whi le the  remainder were given various amounts o f  

pre-stra i n . 

For the present tests,  0.125 

The th icker  specimens were tested t o  f a i l u r e  a t  2000 

These t h i n  specimens were 

Dendr i te c e l l  s izes were measured by the  l inear  in te rcept  method on 

photomicrographs a t  e i t he r  100 X or 50 X, depending on the c e l l  size. 

Determinations were made on two mutually perpendicular planes and an 

RMS average taken. 

E lect ron fractographs of representat ive tens1 l e  specimens were made i n  

the  conventional manner using the two-stage r e p l i c a  technique 

(Reference 5 1. 

To prepare samples f o r  transmission e lect ron microscopy, pre-strained 

(or  f ractured)  t e n s i l e  specimens were chemically m i l l e d  as t h i n  as 

poss ib le  whi le s t i l l  maintaining a reasonable f latnebs. The so lu t ion  

used was a sulfone-buffered sodium hydroxide so lu t ion  a t  about 85% 

(1850F). The next step was t o  e lec t ropo l i sh  i n  a so lu t ion  o f  50 cc 

"03, 50 cc H20, 2cc HCI, t o  the  po in t  of perforat ions.  It was found 

t h a t  in te rmi t ten t  chemical pol  i shi ng i n  CWA (5cc HN%, 3ccHAc, 3cc HF) 

was helpfu l  during t h i s  step. F ina l  po l i sh ing  was by the method o f  
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Figure 2. Tensile Specimen 
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Oespres (Reference 61, i n  which S m a l l  pieces of  pre-thinned samples 

were welded between two sta in less s tee l  washers, and t h e  composite 

electropol i shed. 

34cc H2SO4, 1569 Chromic acid, and 40cc H20, used a t  65OC (149OF). 

In termi t tent  d ipping i n  CP4A was helpfu l  here too. 

The e lec t ro l y te  used i n  t h i s  step was 817cc H3PO4, 

3. RESULTS AND DISCUSSION 

The resu l t s  o f  t he  t e n s i l e  t e s t s  and t h e  dendr i te c e l l  s i ze  determina- 

t i o n s  are given i n  Table 2 and Figures 3 and 4. 

and 4 are Bai ley 's previous resu l t s  (References 2 and 3).  

data fo r  356-T6 and the  previous data f o r  A356-T6 a l l  show the  same 

trends, namely, a decrease i n  u l t imate strength and elongation w i th  , 

Included i n  Figures 3 

The present 

increasing s o l i d i f i c a t i o n  t ime and a corresponding increase i n  dendr i te  

c e l l  size. The y i e l d  strength i s  essent ia l l y  constant. (It should be 

noted tha t  i f  measurements are made very c lose t o  the  r i ser ,  a drop i n  

y i e l d  strength i s  noted as a consequence of cast ing defects. 

s iderat ion of  such defects was not  pa r t  o f  the present program and all 

Con- 

r e s u l t s  reported here are f o r  rad iographica l ly  sound material.)  

constancy of t h e  y i e l d  strength i s  p a r t i c u l a r l y  s i g n i f i c a n t  s ince it 

This  

indicates these var ia t ions  i n  s o l i d i f i c a t i o n  r a t e  do no t  a f f e c t  t he  

s t ress required t o  i n i t i a t e  p l a s t i c  flow. By p l o t t i n g  t r u e  stress-true 

s t r a i n  curves as i n  Figure 5, it can be seen t h a t  not  only i s  the y i e l d  

strength constant but so i s  the  r a t e  of work hardening. It would appear 

t h a t  the e f fec t  of s o l i d i f i c a t i o n  t ime i s  t o  l i m i t  i n  some way, the  

maximumamount o f  s t ra in .  This i n  turn, gives r i s e  t o  a var ia t ion  i n  

u l t imate strength. 

ac tua l l y  t h e  u l t imate  strength which then contro ls  the  s t ra in .  

It might be argued t h a t  t h e  prime consideration i s  

It i s  

d i f f i c u l t  t o  see, however, how such a mechanism could apply t o  the  alloys 

6 



8 -  TABLE 2 - EMRITE CELL SIZES AND TENSILE TEST RESULTS 

I Di  stance Mean Dendri te F+" 
' I  From Chi I I Cel I DiM_neter 

A356-T6 Series I 

0.5 

I .o 

I .5 

2.0 
2.5 
3.5 
4.0 
5.5 
6.0 
7.5 
8.0 

A356-T6 Series 2 

0.5 

I .5 

2.5 

3.5 

4.5 

5.5 

6.5 

7.5 

I .4l 

I .54* 

I .67* 

1.87 
2.00 
2.12 
2 , s  
2.- 
2.03 
3.20, 
3.46 

1-41 

I .67+ 

2.00 

2.12 

2.35 

2.- 

2.92 

3.20, 

0 

36.7 
35.2 
37.3 
35.8 
36.0 
36. I 
36.6 
34. I 
34.7 
35 -9 
34.2 
35.5 
34.2 
35.0 

42.7 
41 -9 
42.9 
40.9 
42.4 
42. I 
43.4 
42.2 
42.2 
42. I 
42. I 
42.3 
42.3 
42.2 
42, I 
42.0 

Ftu 

w 

50.6 
49.7 
50.4 
48. 8 
48.0 
49 -5 
49.3 
47.9 
47. I 
47.0 
44.6 
45.5 
42.2 
43.3 

50.3 
50.3 
49.6 
49.3 
49.4 
49.0 
48.9 
48.4 
40.3 
48.0 
47.9 
47.4 
47.2 
46.4 
45.6 
46.0 

E I on gat i on 
i n  2 in.  

(% 1 

13.5 
15.0 
12.5 
: I.0 
11.0 
10.0 
10,o 
9.0 
8.0 
6.0 
4.5 
4.0 
2.5 
3.5 

11.0 
10.0 
11.0 
10.0 
8.0 
8.0 
5.0 
5.0 
4.0 
4.5 
3.0 
3.0 
2.0 
2.0 
I .o 
I .5 

* In terpolated Values from Figure 4. 
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TABLE 2 (Cont 'd. )  

Distance Mean Dendr i t e  
From Chi 1 I Cel I Diameter 

( i n )  ( i n  x 103) 

356-T6 

0.19 
0.50 
I .38 
I .94 
2.25 

3.44 
4.00 
4.88 
5.19 
5.75 
6.62 
6.93 
7.50 

30 12 

1.41* 
I .62 
2.30 
2.6W 
2.09 
3.42 
3.65* 
4.04 
4.09 
4.2W 
4.44 
4.81 
4.86* 
4.98 

* Interpolated values from F igure  
+HC Did not  reach 0.2s o f f s e t  s t r a i n  

8 

F t Y  

30.7 
30.7 
30. I 
30.8 
30.4 
31.2 
31.6 
30. I 
31 .8 
30.9 
31 .O 
30.7 
,,,w 
29.8 

F t u  

41.7 
41.2 
39.9 
38.7 
39. I 
38.2 
37.5 
36.7 
35.7 
34.5 
34.0 
31.4 
28.6 
30.4 

Elongation 
i n  2 in .  

(% 1 

9.0 
6.0 
5.5 
3.5 
3.0 
2.0 
2.5 
1.5 
I .o 
I .o 
1.0 
1 .o 
I .o 
1.0 
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considered here, wi th  such large var ia t ions  i n  y i e l d  and u l t imate  

strengths, but w i th  such simi l a r  microstructures and compositions. 

The microstructures o f  both 356-T6 and A356-T6 (Figures 6 and 7 )  con- 

s i s i  of primary s i l i c o n  pa r t i c l es  o u t l i n i n g  dendr i te  ce l l s .  This 

s t ructure i s  not  a l te red  by the  normal heat treatments given these al loys.  

Fracture paths, as seen i n  Figure 8, a re  almost exc lus ive ly  through the  

dendr i te c e l l  boundaries. Furthermore, t he  s i l i c o n  p a r t i c l e s  along the  

f rac tu re  path are usual ly broken rather  than pu l led  out o f  t he  matrix. 

In fact, near the  f rac tu re  surface, it i s  o f ten  possible t o  f i n d  broken 

s i l i c o n  pa r t i c l es  whose d i rec t ion  o f  f rac tu re  i s  usual ly  normal t o  the  

t e n s i l e  axis, even i f  t h i s  i s  t he  longest path i n  the  pa r t i c l e .  Examples 

are shown i n  Figure 9. Electron fractographs such as those i n  Figures 10 

and I I  show t h a t  the s i l i c o n  pa r t i c l es  e x h i b i t  b r i t t l e  fracture, which 

i s  expected. These fractographs a lso  show t h a t  the  region immediately 

adjacent t o  the s i 1  con pa r t i c l es  were t y p i c a l l y  stretched areas. 

type of surface i s  nd icat ive o f  substant ia l  p l a s t i c  f low (Reference 5). 

Insofar as fractographic behavior i s  concerned, there was no d i f ference 

between specimens slowly cooled and those near the  c h i l l .  

observations ind icate i n i t i a l  f rac tu re  of the  s i l i c o n  p a r t i c l e s  which 

may extend i n t o  the aluminum matrix. These i n i t i a l  f ractures then 

This 

These 

propagate i n a ducti  l e  manner. 

The d i  s t r  i but i on of  d i s I ocat i ons, as observed by transmi ss i on e I ectron 

microscopy, appears t o  be qu i te  uniform. Typica examples are given i n  

Figures 12 - 18. There are many loops and jogs ndicat ing extensive 

cross-slip. 

formation. The d is locat ion densi ty increased wi th  s t ra in ,  Although 

it was qui te  d i f f i c u l t  t o  t h i n  areas around the  s i l i c o n  pa r t i c l es  and 

Very few heavy tangles were noted and no r e a l  s ign o f  c e l l  
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F IGlRE 6 - MI CROSTRUCTlRES of 356-T6 SPEC IWNS 

Plane o f  Pol ish i s  Normal t o  D i r e c t i o n  of 
Sol i d i  f i cat ion.  
Unetched. Or ig inal  Magni f icat ion loo# 
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F IGLRE 7 - MICROSTRUCTLRES OF A356-T6 SPECIMENS 

Plane of P o l i s h  i s  Normal to Direction of 
Solidification 
Unetched. Original Magnification IOCM 
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FlGlRE 8 - FRACTLRE PATHS IN 356-T6 
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FlGLRE IO - ELECTRON FRACTOGRAPHS OF 356=T6 

Two-Stage Plasti c Carbon Rep I i ca 
Chromium Shadowed at 45O 
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FIGlRE I I - ELECTRON FRACTOGRARIS OF 356-T6 

Two-Stage Plast ic  Carbon Replica 
Chromium Shadowed a t  45O 
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FIGURE 12 - TRANSMISSION ELECTRON MICROGRAPH OF 356-T6 

Distance From Chi I I 0.19 In. 
Strain 9% Elongation (Fractured Specimen) 
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FIGWE I3 - ELECTRON TRANSMISSION MICROGRAPH OF 356-T6 

Distance From Chill - 0.19 In. 
S t r a i n  - 9% Elongation (Fractured Specimen) 
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FIGURE 14 - ELECTRON TRANSMISSION MICROGRAPH OF 356-T6 

Distance From Chi I I - 1.06 In.  
S t r a i n  - 0.57% 
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E13088 

FIGURE 15 - ELECTRON TRANSMISSION MICROGRAPH OF 356-T6 

Distance From Chi I I - 2.81 In. 
Strain 0.52% 
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FIGURE 16 - ELECTRON TRANSMfSSION MlCROGRARl OF 356-T6 

Distance From Chi I I - 5.19 In. 
Strain - 1% Elongation (Fractured Specimen) 

0.66% From Load-Strai n Record 
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FIGURE 17 - ELECTRON TRANSMISS 

Distance From C h i 1  
Strain - 0.218 

ON MICROGRAPH OF 356-T6 

- 6.06 In. 
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FIGWE 18 - ELECTRON TRANSMISSION MICROGRAPFI OF 356-T6 

Distance From C h i  I I - 6.31 In. 
Strain - 0. I I %  

I 
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s t i l l  r e ta in  the p a r t i c l e s  no differences i n  d is loca t ion  densi ty or 

d i s t r i bu t i on  were noted In  the matr ix  near the pa r t i c l e .  F igure 13 i s  

an example o f  t h i s .  

each dendrite c e l l  deforms uniformly. 

The s ign i f icance of these observations i s  t h a t  

The problem now i s  t o  r e l a t e  the experimental observations t o  the  

var ia t ions i n  mechanical proper t ies which r e s u l t  f r o m  d i f ferences i n  

s o l i d i f i c a t i o n  rate.  Since it has been noted t h a t  f rac tu re  o f  t he  

s i l i c o n  pa r t i c l es  i s  t he  i n i t i a l  step i n  gross f racture,  consider how 

such a p a r t i c l e  can be stressed. F i r s t ,  for a specimen loaded i n  tension, 

a normal force can be t ransmi t ted across the  par t ic le-matr ix  interface. 

The resu l t i ng  s t ress i n  the  p a r t i c l e  w i l l  be the  same as t h a t  i n  the  

matrix. For f rac tu re  o f  the  par t i c le ,  both the  in te r face  and the  matr ix 

must be a t  least  as strong as the pa r t i c l e .  

s i l i c o n  f ibers  i s  reported as 5 X 16 psi ,  (Reference 7 )  whi l e  u l t ima te  

strengths reported here are  an order o f  magnitude lower, it does not  

seem l i k e l y  t h a t  t h i s  mechanism w i l l  break many par t i c les .  

Since the strength of 

A way i n  which appreciable loads can be transmit ted t o  a stronger, non- 

coherent p a r t i c l e  by a weaker, d u c t i l e  matrix, i s  by shear stresses 

across t h e  interface. This i s  the same p r i n c i p l e  used i n  f i lament-  

re inforced mater ia ls.  

mater ia ls (Reference 81, together w i th  the  present data, it can be shown 

t h a t  the length-to-diameter r a t i o  of the  p a r t i c l e  must exceed 10-15 t o  

develop the f racture s t ress of the pa r t i c l e .  

e f f e c t i v e  length i s  i n  the d i rec t i on  of  t e n s i l e  loading; therefore, 

t h i s  mechanism cannot explain the long f ractures normal t o  the t e n s i l e  

ax is  noted previously. (Figure 9) 

Using the  equations developed f o r  composite 

In  these re la t ions,  the  
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Because the s i  l icon par t ic les l i e  i n  boundaries between dendrite c e l l s  

khose or ientat ions may d i f f e r ,  there i s  another way by which stress may 

be induced i n  the part ic les,  

strain, there w i l l  be a m i s f i t  s t r a i n  a t  t h e i r  boundary because of  the  

misorientat ion o f  t h e i r  s l i p  systems. To preserve continuity, th is  

m i s f i t  i s  normally accomnodated by an array of dislocations. I f  an 

e ias t i c  p a r t i c l e  i s  i n  ine boundary, any d i f f e ren t i a l  displacement can 

be accomnodated by an e las t i c  s t r a i n  o f  the par t ic le .  

size, # the gross shear strain, and 8 the r e l a t i v e  misorientation, 

then the d i f f e ren t i a l  displacement i s  Ldl(I-cos 8) .  I f  0 i s  the s i  l icon 

p a r t i c l e  size, the s t ra in  i n  the p a r t i c l e  i s  the displacement divided by 

0 or L #(i-cos Q>/D. Since the  fracture s t ra in  of the s i  l icon pa r t i c l es  

i s  approximately a constant (-2%, Reference 71, and the  average value of 

(I-cos 0 )  

the maximum gross s t ra in  for p a r t i c l e  f racture should vary as the 

reciprocal of the c e l l  size. 

gross f racture w i l l  depend on t h e  matrix propert ies and the p a r t i c l e  size. 

For a constant matrix strength, an increase i n  p a r t i c l e  s ize w i l l  decrease 

the number of pa r t i c l e  fractures required t o  decrease the e f fec t i ve  load- 

carry ing cross-section t o  the point  of i n s t a b i l i t y  and consequent gross 

fracture. For a constant pa r t i c l e  size, an increase i n  matrix strength 

w i l l  require more broken par t ic les for gross fracture, Here, however, 

higher strength does not mean higher stress f o r  fracture, but rather, a 

higher work-hardening rate. While t h i s  de f i n i t i on  may not be immediately 

obvious, i t s  v a l i d i t y  i n  connection with the proposed f a i l u r e  model can 

be demonstrated as follows, Consider a matrix w i t h  a very l o w  r a t e  of 

work-hardening. After yielding, a given amount o f  s t ra in  w i l l  cause 

f rac tu re  of some number of part ic les.  

For two c e l l s  undergoing the same gross 

I f  L i s  the c e i i  

should not vary appreciably, then for a given p a r t i c l e  size, 

The t rans i t i on  from p a r t i c l e  f racture t o  

The specimen w i l l  then be unstable 
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and w i l l  f rac tu re  because the s t rength of  t h e  matr ix  cannot increase 

enough t o  make up for t h e  loss i n  cross-sectional area. This  conclusion 

does no t  depend on the  level of stress. Conversely, a high r a t e  o f  work- 
I 
8 
8 
I 
I 
I 
8 
I 
I 

st ra ins.  I 

hardening w i l l  requ i re  a greater propor t ion o f  f ractured par t i c les ,  which 

i n  t u r n  requires addi t ional  s t ra in .  

To t e s t  the proposed model, the elongation data have been p l o t t e d  as a 

funct ion of  the  rec iprocal  of the  average c e l l  diameter i n  F igure 19. 

It can be seen t h a t  the  predicted l inear  re la t ionsh ip  i s  obtained. 

There i s  a minimum elongation o f  wI$, mainly because the  matr ix  i s  

q u i t e  ducti  le; and, even though enough s i  l i con  p a r t i c l e s  may be f ractured 

a t  very low s t ra ins  t o  cause i n s t a b i l i t y ,  the  local  deformation o f  the  

matr ix  as wel l  as m i s f i t  o f  the  broken pieces w i l l  provide t h i s  much 

deformation. Support for t h i s  conclusion i s  provided by a few t e s t s  

o f  356-T6 on the  lnstron machine where the  p l a s t i c  s t r a i n  a t  u l t imate  

was taken from the  load-strain charts. These points, p l o t t e d  as s o l i d  

po in ts  i n  Figure 19, form a l inear  extension of the curve f o r  higher 

increasing the  aging temperature of A356-T6, which lowers the  work- 

hardening r a t e  (note the  higher y ie ld-u l t imate ra t i o ) ,  also lowers 

the  amount of s t r a i n  required f o r  i n s t a b i l i t y .  

curve i s  E L ‘Z 2 8 L = 2 E, D/( I-COSQ), where 

o f  s i l i con ,  a change i n  heat treatment should no t  a l t e r  t he  slope, which 

i s  indeed observed. A decrease i n  p a r t i c l e  s i ze  o r  increase i n  mis- 

o r ien ta t ion  should lower the  slope. Comparing the  microstrcctures of the  

356-16 and the A356-T6 al loys,  (Figures 6 and 7) t he  s i l i c o n  p a r t i c l e  s i z e  

appears coarser f o r  the  356-T6. 

I /L  curve should be higher for 356-T6, which i s  no t  t he  case. 

I 
I 
8 
1 
8 

Since t h e  slope of the  

i s  the  f rac tu re  s t r a i n  

On t h i s  basis, the  slope o f  the  f v s  

Apparently 
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the lower p u r i t y  of the 356 a l l o y  increases the misor ientat ion.  

To estimate the degree o f  misor ientat ion,  take  the  s i l i c o n  p a r t i c l e  s i z e  

as & I O 4  i n  for A356, This  gives QZ 1 1 '  

which appears reasonable. 

which i s  also reasonable. 

L as IO4, and & as e .02. 

The corresponding value f o r  356 i s  Q "N 15O 

There are several ways i n  which the informat ion gained i n  t h i s  study 

may be applied t o  improving the  proper t ies o f  weldments and castings. 

The most obvious i s  t o  reduce the dendr i te c e l l  size. I n  t h i s  study, 

ce l l - s i ze  cont ro l  was by cool ing rate.  This method cannot always be 

appl ied for  a v a r i e t y  o f  reasons, and some other way would be desirable. 

It i s  not c lear  tha t  a l l o y i n g  addi t ions used as gra in  r e f i n e r s  would 

perform t h i s  function, since c e l l  s ize  and gra in  s i ze  may no t  be d i r e c t l y  

related. For example, i n  t h i s  study, p r a c t i c a l l y  no d i f fe rence i n  g ra in  

s i ze  was noted f o r  the A356-T6 f o r  the  range o f  s o l i d i f i c a t i o n  times used. 

This  i s  i l l u s t r a t e d  by Figure 20. On the  other hand, the  gra in  s i ze  i s  

ce r ta in l y  the  upper l i m i t  t o  the  dendr i te c e l l  size. 

The e f fec t  of s i l i c o n  p a r t i c l e  s i ze  i s  not  c l e a r l y  defined. 

the  s ize  would decrease the  amount o f  s t r a i n  required f o r  t h e i r  fracture, 

but  many more f ractures would be required t o  e f f e c t  the same decrement 

of e f fec t i ve  cross-sectional areas. A change i n  d i s t r i b u t i o n  of the 

s i l i c o n  pa r t i c l es  t o  the  i n t e r i o r  of the  c e l l s  would be q u i t e  e f f e c t i v e  

since the d i f f e r e n t i a l  s t r a i n  o f  t he  matrix across the  p a r t i c l e  would be 

very small. 

decreasing the  s i l i c o n  content or increasing t h e  matr ix  s o l u b i l i t y  for 

s i  I icon, shou Id  a l so  be helpfu I. 

Decreasing 

Decreasing the amount o f  s i l i c o n  as par t i c les ,  e i t h e r  by 
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A decrease i n  r e l a t i v e  misor ientat ion across c e l l  boundaries would 

improve d u c t i l i t y .  

may be he lp fu l  i n  t h i s  respect, but t h i s  has not been proved. A l l oy ing  

modif icat ions t h a t  w i l l  increase the  work-hardening r a t e  should improve 

the  over-al l  d u c t i l i t y ,  provided t h i s  does not ser iously impair the  

d u c t i l i t y  o f  the  matrix. It i s  i n te res t i ng  t o  note, t h a t  because o f  t he  

The present r e s u l t s  suggest t h a t  higher Be and T i  

l y  has a 

a l  heat 

higher duct i  l i t y ,  the  f ine-cel led, low-yield, A356-T6 actua 

higher t rue  s t ress a t  f rac tu re  than the  corresponding mater 

t reated t o  a h igh y ie ld .  

4. CONCLUS I ONS 

The i n t e r r e l a t i o n  o f  microstructure and f rac tu re  mode o f  356 type 

a l  loys has been studied i n  detai I. 

Fracture occurs almost exclusively along dendrite c e l  I boundaries, and 

i n i t i a t e s  i n  the  s i l i c o n  p a r t i c l e s  present i n  those boundaries. 

The amount of elongation i s  inverse ly  proport ional  t o  t h e  diameter of t h e  

dendr i te c e l l s  for  a l l  sizes smaller than some minimum value. 

Y ie ld  strength i s  no t  a funct ion o f  dendr i te c e l l  size. 

Ul t imate strength i s  con t ro l l ed  by the  dendrite c e l l  l i m i t a t i o n  on 

e I ongat i on. 

The maximum c e l l  s i ze  for enhanced elongation i s  a funct ion of  the  work- 

hardening r a t e  of t h e  matrix. 
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